Postsynaptic receptor localization is crucial for synapse development and function, but the underlying cytoskeletal mechanisms remain elusive. Using Xenopus neuromuscular junctions as a model, we found that actin depolymerizing factor (ADF)/cofilin regulated actin-dependent vesicular trafficking of acetylcholine receptors (AChRs) to the postsynaptic membrane. Active ADF/ cofilin was concentrated in small puncta adjacent to AChR clusters and was spatiotemporally correlated with the formation and maintenance of surface AChR clusters. Notably, increased actin dynamics, vesicular markers and intracellular AChRs were all enriched at the sites of ADF/cofilin localization. Furthermore, a substantial amount of new AChRs was detected at these ADF/ cofilin-enriched sites. Manipulation of either ADF/cofilin activity through its serine-3 phosphorylation or ADF/cofilin localization via 14-3-3 proteins markedly attenuated AChR insertion and clustering. These results suggest that spatiotemporally restricted ADF/cofilin-mediated actin dynamics regulate AChR trafficking during the development of neuromuscular synapses.
Chemical synapses represent a major form of neuronal connections in the vertebrate nervous system that underlie a wide spectrum of neural functions. A prominent feature of chemical synapses is the presence of a postsynaptic apparatus containing highly concentrated receptors for effective reception of neurotransmitters released from the presynaptic nerve terminal. Regulation of postsynaptic receptor localization is therefore crucial for synapse formation, function and modulation [1] [2] [3] . At present, the cellular mechanisms underlying the spatiotemporal control of receptor trafficking and clustering at the postsynaptic site remain poorly understood. Because of its size, accessibility and simplicity 4 , the neuromuscular junction (NMJ) is a good model for studying the spatial distribution and trafficking of postsynaptic AChRs. Previous studies have shown that aneural AChR clusters can spontaneously form in the absence of innervation and nerve-secreted factors in vivo 5 . Nerve innervation, however, induces site-directed clustering of AChRs through redistribution from aneural clusters, recruitment of diffuse receptors and new synthesis from the subsynaptic nuclei 4, 6 . Two counteracting nerve-derived factors, agrin and acetylcholine, regulate the redistribution of AChRs on the muscle membrane 7 . Agrin activates muscle-specific tyrosine kinase (MuSK) for inducing AChR clustering on the postsynaptic membrane 8 , whereas acetylcholine disperses extrasynaptic AChR clusters 9, 10 .
It remains unclear how AChRs are spatiotemporally delivered to the synaptic site during synapse formation. Passive diffusion trap and/or active trafficking mechanisms may be involved in AChR redistribution 11, 12 . Clustered AChRs are believed to be immobilized via scaffolding connections to the actin cytoskeleton 13, 14 , thus their redistribution probably requires dynamic changes in the cortical actin network. We used a combination of live-cell imaging and molecular and pharmacological manipulations to investigate the cytoskeletal control of AChR trafficking during synapse formation. We found that ADF/ cofilin is important for synaptic targeting of AChRs. ADF/cofilin accumulated at the nascent synaptic site before the clustering of surface AChRs. Furthermore, the disassembly of the spontaneous AChR clusters was preceded by the disappearance of active ADF/cofilin aggregates. Localized ADF/cofilin was associated with increased dynamic actin turnover and spatially correlated with the surface delivery of intracellular AChRs through vesicular trafficking. We identified that 14-3-3 molecules are essential for the spatial localization of ADF/cofilin for the regulation of AChR trafficking. Finally, alteration of ADF/cofilin activity or disruption of its localization prevented the formation of new AChR clusters induced by synaptogenic stimuli. These findings indicate that spatiotemporally restricted ADF/cofilincontrolled actin dynamics regulate the surface targeting of postsynaptic receptors at synaptic sites.
RESULTS
Active ADF/cofilin localizes at AChR clusters Nerve-independent AChR clusters can spontaneously develop on muscle surface in culture on matrix-coated substrate and have an elaborately perforated pattern with a marked similarity to synaptic AChR clusters at the NMJs in vivo 4, 15 . Similarly, spontaneous AChR clusters were observed in embryonic Xenopus muscle cells cultured on laminin-containing attachment matrix 16 , as visualized by live labeling with rhodamine-conjugated a-bungarotoxin (Rh-BTX; Fig. 1a ). To examine the role of ADF/cofilin in AChR clustering, we labeled AChRs in live cells with Rh-BTX and then fixed and immunostained either the total Xenopus ADF/cofilin (XAC) or the inactive phosphoserine-3 XAC (pXAC) 17 . The specificity of these antibodies was verified by our previous studies 18, 19 , and XAC expression in Xenopus muscle tissues was confirmed by RT-PCR and western blotting ( Supplementary Fig. 1 online). We found that XAC was preferentially concentrated as small puncta at the AChR-poor perforations in the spontaneous AChR clusters, whereas pXAC had a uniform distribution ( Fig. 1b) . This complementary pattern of XAC and AChR distributions was also observed by live imaging of muscle cells expressing green fluorescent protein (GFP)-XAC in conjunction with AChR labeling (Fig. 1b) . Moreover, the localization of GFP-XAC to the AChR-poor perforations was further enhanced by the constitutively active mutation (3A; serine-3 replaced by alanine) but markedly reduced by the inactive mutation (3E; serine-3 replaced by glutamate) ( Supplementary Fig. 2 online). It should be noted that the observed XAC puncta are unlikely to be a result of membrane infoldings, as is seen in mature NMJs, because staining with the volume dye dichlorotriazinylaminofluorescein (DTAF) 20 showed no apparent spatial patterns associated with the spontaneous AChR clusters (Fig. 1b) . The DTAF fluorescence intensity, however, was reduced at the location of a yolk granule inside the cell, indicating its effectiveness in highlighting the cell volume. Furthermore, confocal imaging revealed that GFP-XAC was localized as puncta underneath the plasma membrane without obvious membrane infoldings ( Supplementary Fig. 3 online). Together, these results indicate that putatively active, nonphosphorylated XAC is preferentially enriched in AChR-poor perforations in these complex structures of spontaneous AChR clusters.
We next tested whether XAC accumulates at the site of AChR clustering during synapse formation. We found that beads coated with an active recombinant agrin C-terminal fragment 21 potently induced AChR clustering ( Fig. 1c) , whereas control BSA-coated or full-length agrin-coated beads were ineffective 22 ( Supplementary  Fig. 4 online). Immunostaining showed that XAC accumulated at the agrin bead-muscle contact in a ring pattern surrounding the AChR clusters, whereas pXAC was distributed uniformly (Fig. 1c) . A similar pattern of XAC and AChR localization was also observed by live imaging of GFP-XAC and AChR ( Fig. 1c and Supplementary Fig. 3 ). Occasionally, GFP-XAC puncta could be detected at the bead-muscle contact where no AChR clusters had yet been formed ( Fig. 1c ), suggesting a potential temporal difference in the localization of XAC and AChRs induced by agrin beads. We also examined the localization of XAC at neuromuscular synapses in Xenopus nerve-muscle cocultures. Live imaging showed that GFP-XAC puncta were distributed closely with AChR clusters along the nerve-contacted trail on the muscle cell ( Fig. 1d) . At higher magnifications, XAC puncta and AChR clusters were localized in a juxtaposing, non-overlapping pattern. In some cases, XAC was also enriched at the AChR-poor perforations in the nerveinduced AChR clusters, showing a similar complementary topography to that of spontaneous AChR clusters. Together, these results show that active, nonphosphorylated XAC localizes to AChR clusters in the spontaneous or synaptic specializations.
Spontaneous AChR clusters undergo slow redistribution in culture ( Supplementary Fig. 5 online), allowing the examination of a spatiotemporal correlation between ADF/cofilin localization and AChR redistribution. In a time-lapse recording, we found that GFP-XAC first concentrated in the perforations of a spontaneous AChR cluster ( Fig. 2a ). Over the course of 40 h of recording, this AChR cluster redistributed to a new location. Apparently, GFP-XAC puncta were detected at the new location at 10 h, whereas detectable AChR clusters were not observed until after 20 h. Notably, the disappearance of localized GFP-XAC at the original AChR cluster was found to precede the gradual disassembly of the AChR clusters. This spatiotemporal relationship was better demonstrated after AChR clusters and GFP-XAC puncta were highlighted with red and green pseudo-colors, respectively.
At developing NMJs, nerve-induced AChR clustering on the postsynaptic membrane is accompanied by the dispersal of the spontaneous AChR clusters 23 . We therefore performed similar time-lapse recordings in muscle cells under agrin-bead stimulation. In this case, GFP-XAC became localized at the bead contact site as early as 2 h after stimulation, whereas no AChR clusters were detected at the same site until 4 h ( Fig. 2b) . Concurrently, we observed a substantial loss of GFP-XAC signals in the spontaneous AChR clusters at 8 h, which later dispersed gradually. Pseudo-color AChR and XAC signals clearly showed that the redistribution of AChRs was preceded by that of XAC from the spontaneous clusters to the bead-induced site. By monitoring six individual agrin bead-induced clusters at a higher temporal resolution (one frame every 15 min for 4 h after bead stimulation), we detected the formation of GFP-XAC puncta before that of AChR clusters at five out of six bead-induced sites, whereas in only one case did we detect both GFP-XAC and AChR clusters at the same time. The times taken after bead stimulation for the detection of GFP-XAC and AChR clusters were 77.5 ± 16.2 (s.e.m.) min and 110 ± 18 (s.e.m.) min, respectively ( Supplementary Fig. 6 online). The appearance of XAC at agrin-bead contacts and its disappearance at the spontaneous AChR clusters had a reciprocal temporal correlation that coincided with the formation of new AChR clusters and the dispersal of old ones ( Supplementary Fig. 6 ). Therefore, XAC localization in the nascent postsynaptic sites induced by agrin might direct the formation of AChR clusters, and the maintenance of spontaneous AChR clusters may also require localized XAC.
Localized ADF/cofilin increases actin dynamic turnover One potential function for locally concentrated XAC is to regulate the actin dynamics. When labeled with fluorescent phalloidin, filamentous actin (F-actin, total) was found at the perforations in the spontaneous AChR clusters ( Fig. 3a) , but actin-enriched myofibrils obscured the details concerning its association with AChR clusters. To selectively label newly formed F-actin, we masked existing F-actin with a membrane-permeable actin-binding drug, jasplakinolide 13 , which competes with phalloidin for F-actin binding 24 . When jasplakinolide-treated muscle cells were allowed to recover in drug-free medium for 4 h, fluorescent phalloidin signals were largely diminished in myofibrils but were enriched at the cell peripheral and the AChR-poor perforations in the spontaneous clusters, suggesting that new F-actin was preferentially generated at these locations over the 4-h period. We next labeled F-actin barbed ends by exposing the cells to rhodamine-actin in the mild detergent saponin 25 . We consistently found actin barbed ends concentrated at AChR-poor perforations in the spontaneous AChR clusters (Fig. 3a) . The close relationship between XAC and actin barbed ends was reflected by its high colocalization coefficient in the triple staining of AChR, XAC and actin barbed ends ( Supplementary Fig. 7 online). We also labeled the monomeric globular actin (G-actin) with vitamin D-binding proteins 26 and found local enrichment of endogenous G-actin at those perforations in AChR clusters (Fig. 3a) . These results suggest that the actin cytoskeleton in the perforated regions of spontaneous AChR clusters undergoes dynamic turnover. We tested this hypothesis by photo-activation and live imaging of muscle cells expressing photoactivatable GFP-actin (paGFP-actin) 27 . When the muscle cell was globally exposed to an ultraviolet light, paGFP-actin fluorescence illuminated myofibrils of the entire cells ( Fig. 3b ), demonstrating the effective photo-activation. On local activation around spontaneous AChR clusters, paGFP-actin fluorescence declined much faster in the perforated region than in the AChR area ( Fig. 3c ), suggesting a faster turnover rate for F-actin at these sites ( Fig. 3d and Supplementary Video 1 online). Similarly, we found that actin barbed ends and G-actin were distributed in a ring pattern surrounding the bead-induced AChR clusters ( Fig. 3e ). Photo-activation/imaging of paGFP-actin also showed a higher turnover rate for the actin cytoskeleton adjacent to the AChR clusters ( Fig. 3f,g and Supplementary Video 2 online). These observations indicate that XAC-associated dynamic actin remodeling is probably involved in spatial targeting of AChRs, rather than in anchoring and stabilization of surface receptors.
Vesicular AChRs accumulate at ADF/cofilin localization
To determine whether XAC-mediated actin dynamics are involved in vesicular trafficking of AChRs, we first used FM4-64 staining to probe membrane recycling 28 . We found that FM4-64 signals appeared as puncta in the AChR-poor perforations of the spontaneous clusters ( Fig. 4a ). Immunostaining of EEA1, an early endosomal marker 29 , also showed local enrichment of endosomal vesicles in those perforations. We also found that, similar to XAC, FM4-64-labeled puncta and EEA1 signals accumulated around the agrin bead-induced AChR clusters ( Fig. 4b) .
To test whether membrane recycling is involved in AChR clustering, we applied phenylarsine oxide, a general inhibitor of receptor-mediated endocytosis 30 , and found that it abolished both the formation of agrin-induced AChR clusters and the dispersal of spontaneous AChR clusters ( Supplementary Fig. 8 online) . Because phenylarsine oxide also inhibits tyrosine phosphatases 31 , we employed low-temperature (4 1C) treatment to inhibit membrane fusion and vesicular trafficking 32 . Notably, the low temperature inhibited the redistribution of AChR, but not XAC, induced by the agrin bead. Finally, monodansylcadaverine, a clathrin-dependent endocytosis inhibitor 33 , had no effect on agrin-induced localization of XAC and AChR ( Supplementary Fig. 8 ). These findings suggest that spatially localized XAC may regulate actin dynamics to control the vesicular trafficking of AChRs in clathrin-independent mechanisms. We next examined the presence of an internal pool of AChRs and its contribution to the surface AChRs using a double-labeling approach (see Online Methods and Supplementary Fig. 9 online). We detected a substantial pool of internal AChRs associated with the spontaneous AChR clusters. Notably, these intracellular AChRs appeared as discrete puncta at the center of the AChR-poor perforations of the spontaneous clusters (Fig. 4c) . The spatial segregation of surface and internal pools of AChRs was clearly depicted in a three-dimensional intensity profile. We also applied the same approach to examine agrin-induced AChR clusters and detected internal AChRs accumulated at the periphery surrounding the surface AChR clusters ( Fig. 4d ). Because XAC, dynamic actin, vesicular compartments and intracellular AChRs are colocalized, we suspected that new AChRs are inserted to the surface at these locations. To test this, we sequentially labeled the existing surface AChRs (old) with Rh-BTX and newly inserted AChRs (new) with Alexa 488-BTX (see Online Methods and Supplementary Fig. 9 ). If the second labeling occurred immediately after the first one, no signal was detected for new AChRs (Fig. 5a ). If we performed the second labeling 4 h after the first, new AChRs were detected at both AChR-poor perforations and AChR-rich regions (Fig. 5a) . The mix of new and old AChRs might result from the initial insertion of new AChRs into the AChR-poor perforations, followed by rapid redistribution and incorporation into the existing pools. To test this, we repeated the procedure but imaged both old and new AChRs at additional time points. The initial pair of images at 4 h showed a substantial portion of new AChRs that did not overlap with the old ones but became intermingled over time (Fig. 5b) . We quantified the size of new AChRs in the perforations and normalized it against the total perforation area (Fig. 5c) . The incorporation and/or insertion of new AChRs into old AChR clusters was similarly quantified and normalized against the total old AChR clusters. We found that the amount of new AChRs in the perforations of the clusters decreased from 4 h to 20 h, which was accompanied by a gradual increase in the incorporation and/or insertion of new AChRs into the old AChR clusters. In addition, the Pearson's colocalization coefficient between these two pools of surface AChRs had markedly increased over time. We further tested whether old and new AChRs induced by agrin beads are spatially segregated using the same approach. We found that newly inserted AChRs over the first 4-h agrin-bead stimulation were mainly localized at the periphery of the old AChR clusters; however, these two pools of AChRs became mixed by 20 h (Fig. 5d) . The time-dependent colocalization of old and new AChRs induced by agrin beads was supported by an increase in the Pearson's colocalization coefficient (Fig. 5e) . These data suggest that a substantial amount of new AChRs are inserted at the XAC-enriched AChR-poor regions in the spontaneous and agrin-induced clusters, which become gradually incorporated into the existing pool of AChRs.
ADF/cofilin regulates synaptic development
The depolymerizing/severing activity of ADF/cofilin is regulated by the phosphorylation state of its serine-3 residue 17 , which can be mutated for overexpression to interfere with the endogenous ADF/cofilin activity. The effects of these XAC mutants on actin polymerization during neurite outgrowth have been previously characterized in cultured cortical neurons 34 . We found that overexpression of the 3A (constitutively active) or 3E (inactive) form of GFP-XAC, but not of wild type, reduced AChR clusters at the agrin bead contacts (Fig. 6a,b) . Similarly, we found that muscle cells expressing GFP-XAC showed extensive AChR clusters along the nerve-contacted trails, which was markedly reduced by overexpression of XAC-3A or XAC-3E (Fig. 6c) .
The area of AChR clusters per unit length of nerve-muscle contact was largely reduced in muscle cells overexpressing GFP-XAC in 3A or 3E form when compared with cells overexpressing the wild-type form or control muscle cells (Fig. 6d) . We next performed whole-cell patch-clamp recordings of spontaneous synaptic currents (SSCs) in neuron-muscle cocultures 35 . In cocultures of muscle cells expressing different forms of GFP-XAC and wild-type spinal neurons, we found that expression of XAC-3A and XAC-3E in muscle cells reduced SSCs ( Supplementary Fig. 10 online) . The decrease in the SSC amplitude was consistent with the reduced AChRs that we found along the nerve-muscle contacts after the expression of XAC-3A or XAC-3E. The reduction in the frequency of SSCs by XAC-3E expression might result from XAC-3E inhibition of retrograde signaling that affects presynaptic transmitter release. Nonetheless, these data provide evidence that ADF/cofilin phosphocycling on the serine-3 residue regulates AChR clustering and synaptic function.
14-3-3 mediates XAC localization and AChR clustering
The 14-3-3 family of phosphoproteins is known for its scaffolding role in subcellular targeting of intracellular signals 36 . Among at least seven mammalian isoforms, ADF/cofilin interacts with 14-3-3z and 14-3-3e in vitro 37 . We expressed GFP-14-3-3z in muscle cells and examined its distribution and effects on AChR clustering. When GFP-14-3-3z was expressed at a low level, it was enriched at the perforated regions in the spontaneous AChR clusters (Fig. 7a) . In some cases, we observed largely scattered AChR clusters, but with a small region of concentrated AChRs, at which GFP-14-3-3z was only found to localize to the small concentrated AChR area. At a high level of GFP-14-3-3z expression, however, most of the spontaneous AChR clusters showed a scattered pattern without preferential localization of GFP-14-3-3z. Similar effects of GFP-14-3-3z overexpression on agrin bead-induced AChR clustering were also observed ( Fig. 7b) . Notably, GFP-14-3-3z overexpression also diminished XAC localization in agrin bead-muscle contacts.
To further investigate the role of 14-3-3z in ADF/cofilin localization and AChR clustering, we knocked down Xenopus 14-3-3z expression by morpholino antisense oligonucleotides. The effectiveness of 14-3-3z morpholino knockdown was confirmed by western blotting using an antibody to Xenopus 14-3-3z/b (Fig. 7c) . In muscle cells expressing 14-3-3z morpholino (as evidenced by fluorescent dextran signals), we found that the spontaneous AChR clusters were also scattered as small aggregates (Fig. 7d) . Consistently, morpholino knockdown of 14-3-3z also blocked AChR clustering and XAC localization induced by agrin beads (Fig. 7e) . Quantitative analysis showed that either overexpression of GFP-14-3-3z at a high level or knockdown of endogenous 14-3-3z expression in muscle cells disrupted the compact pattern of the spontaneous AChR clusters and reduced the percentage of AChR-occupied area (Fig. 7f) . Similarly, AChR clustering induced by agrin beads was also attenuated (Fig. 7g) . (a,b) Representative sets of images showing the effects of different levels of GFP-14-3-3z overexpression on spontaneous (a) and agrin bead-induced (b) AChR clusters. The images of cells expressing high levels of GFP-14-3-3z were taken using a reduced exposure to allow for the examination of subcellular localization. The insets represent the images of the same cells but were acquired using the same exposure as that for cells expressing a low level of GFP-14-3-3z. One can thus appreciate the huge difference in the expression level of GFP-14-3-3z between these two groups. The magnified regions were pseudocolored after an intensity threshold to show the differential localization of GFP-14-3-3z and AChRs (color insets). XAC immunostaining was performed in GFP-14-3-3z-expressing muscle cells stimulated with agrin beads. (c) Western blotting analysis of the 14-3-3z/b protein levels in the 14-3-3z morpholino (MO) knockdown experiment with GADPH as a loading control (full-length blots are presented in Supplementary Fig. 12 online) . (d) A similar disorganization of the spontaneous AChR clusters cultured from 14-3-3z morpholino embryos, as identified by fluorescent dextran signals. Ellipses (a,d) were drawn to outline the periphery of AChR clusters for the quantitative analysis in f. These results thus suggest that 14-3-3z is involved in the spatial localization of ADF/cofilin for AChR clustering.
To better understand the relationship between ADF/cofilin localization and surface targeting of AChRs, we tested whether manipulation of either ADF/cofilin activity (by overexpression of XAC mutants) or its localization (by 14-3-3z morpholino knockdown) affects the surface insertion of new AChRs. Because of the technical limit for triple staining, we masked all surface AChRs on the muscle cells with a saturating dose of unlabeled BTX (see Fig. 5a for the masking effectiveness). After a 4-h agrin-bead stimulation, the muscle cells were labeled with Rh-BTX and subsequently fixed for visualization and quantification of newly inserted AChRs. We found that overexpression of GFP-XAC had no influence on surface insertion of new AChRs induced by agrin beads. In muscle cells expressing XAC mutants or 14-3-3z morpholino, however, the amount of new AChR clusters was markedly reduced at the bead-induced sites (Fig. 8a,b) . Similarly, AChR insertion to the membrane surface at the spontaneous clusters was also attenuated by the overexpression of XAC mutants or 14-3-3z morpholino knockdown (Fig. 8c,d) . Therefore, disruption of ADF/ cofilin localization or activity impairs AChR surface insertion.
DISCUSSION
Regulated trafficking of postsynaptic receptors represents a major mechanism underlying synaptic plasticity 1,3 , but the cytoskeletal involvement is not well understood. We found that spatiotemporally restricted ADF/cofilin-mediated actin dynamics regulate the trafficking and surface targeting of AChRs to the nascent postsynaptic sites at developing NMJs. Our findings indicate that, on top of the passive diffusion-trap mechanism, an active receptor-trafficking mechanism may underlie the redistribution of AChRs from the spontaneous clusters to the nascent postsynaptic sites during synaptogenic stimulation. We hypothesize that, on synaptogenic induction, AChRs are endocytosed from the spontaneous AChR clusters, which, together with the new synthesized AChRs, may be transported and delivered to the nascent postsynaptic sites for insertion. During this process, ADF/ cofilin may be among the first to localize to the nascent sites (through 14-3-3 scaffolding activated by synaptogenic signals) to modulate local dynamic actin cytoskeleton that defines, assists and/or maintains vesicular fusion and recycling of AChRs (see Supplementary  Fig. 11 online) .
F-actin is considered to be a cytoskeletal scaffold for the docking and anchorage of structural and signaling molecules to the postsynaptic sites at NMJs 14, 38 . Our data here have elucidated a previously unknown function for ADF/cofilin-mediated actin dynamics in spatiotemporal regulation of AChR trafficking and clustering. The enrichment of new F-actin, actin barbed ends and G-actin in locations adjacent to, but not overlapping with, surface AChR clusters in the spontaneous and synaptic specializations argue against the idea that ADF/cofilinmediated actin dynamics function as a stable scaffold for receptor anchorage and immobilization. The colocalization of these dynamic actin regions with the vesicular pool of internal AChRs, together with the presence of newly inserted surface AChRs in these regions, indicates that spatially restricted dynamic actin may actively regulate the vesicular trafficking of AChRs to and from the membrane. Dynamic actin turnover has been known to regulate vesicular membrane trafficking 39, 40 . Local increased dynamic actin turnover by ADF/cofilin may break the cortical actin barrier and/or actively facilitate the vesicle fusion to the plasma membrane. The permissive and active roles for dynamic actin in vesicular trafficking of AChRs are not exclusive and may cooperate for spatial control of AChR delivery to the postsynaptic site. Notably, we observed a compact cluster of ADF/cofilin at early time points after agrin-bead stimulation, when AChR clusters had not yet been formed, which subsequently was transformed into a ring structure surrounding AChR clusters. Similar to the central synapses 2 , it is conceivable that ADF/cofilin-mediated vesicular trafficking (especially the exocytosis) of postsynaptic receptors is restricted at the receptor-poor perisynaptic sites for effective modulation of postsynaptic receptor density.
Recent studies suggest that a high concentration of active cofilin favors F-actin nucleation 41, 42 . The localization of active, nonphosphorylated ADF/cofilin at sites of newly polymerized F-actin with elevated levels of barbed ends and endogenous G-actin suggests that ADF/cofilin may sever the existing F-actin and contribute to the abundant supply of actin monomers and barbed ends for rapid actin assembly in the spontaneous and synaptic AChR clusters. The suppression of AChR clustering by overexpression of either constitutively active or inactive ADF/cofilin indicates that phosphocycling-dependent regulation of localized ADF/cofilin is required for its function in altering the actin cytoskeleton for AChR trafficking. This can also be explained by a 'set-point' hypothesis, whereby hyper-or hypo-activity of ADF/ cofilin may imbalance the actin dynamics and the proper trafficking of AChRs to the postsynaptic membrane. Moreover, the finding that constitutively active GFP-XAC-3A accumulates in the perforations of spontaneous AChR clusters ( Supplementary Fig. 2 ), but not in agrininduced AChR clusters (Fig. 6a) , indicates that disruption of ADF/ cofilin phosphocycling may also impair its translocation in response to agrin signaling. Previous studies have shown that agrin-MuSK signaling involves p21-activated kinase 43 , an activator of LIM kinases 44 . LIM kinases are the major kinases that phosphorylate and inactivate ADF/ cofilin 45 . It is thus reasonable to speculate that both ADF/cofilin activity and translocation may be regulated by phosphocycling, which may be targeted by agrin-MuSK signaling.
Our data also indicate that the 14-3-3 family of scaffolding proteins is involved in ADF/cofilin localization. Both serine-3 phosphorylated and nonphosphorylated ADF/cofilin binds to 14-3-3, although the former has a higher affinity. Moreover, phosphorylation on the serine-23 or serine-24 residue of ADF/cofilin appears to be sufficient for its 14-3-3 binding 37 . Therefore, ADF/cofilin localization via 14-3-3 molecules does not necessarily depend on its activity. At present, only 14-3-3z and 14-3-3e have been reported to interact with ADF/cofilin in vitro 37, 46 , but other isoforms may interact with ADF/cofilin because of the high homology of 14-3-3 family members 47 . Notably, 14-3-3g colocalizes and potentially interacts with MuSK at adult NMJs 48 . Whether 14-3-3g regulates ADF/cofilin localization for actin-dependent AChR trafficking remains to be investigated. Besides interacting directly with ADF/cofilin, 14-3-3 also interacts with the upstream regulators of ADF/cofilin, LIM kinase 46 and Slingshot phosphatase 45 . Collectively, 14-3-3 may spatially localize both ADF/cofilin and its regulators to the synaptic sites to coordinately control the dynamic actin turnover for AChR trafficking. Finally, additional synapse-specific scaffolding proteins may also participate in ADF/cofilin localization.
In conclusion, our study has identified a previously unknown function for ADF/cofilin in postsynaptic receptor trafficking and clustering. Our findings indicate that ADF/cofilin may spatiotemporally regulate the trafficking and surface delivery of AChRs during neuromuscular synaptogenesis. ADF/cofilin is also concentrated at the periphery of the postsynaptic density at the central synapses 49 and is involved in the trafficking of growth factor receptors in invasive tumor cells 50 . Therefore, we can speculate that ADF/cofilin-mediated actin dynamics may be important in receptor trafficking that underlies a broad range of cell functions.
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Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
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